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Abstract
We investigated the role of the dorsal midline structures, the notochord and notoplate, in patterning the cell motilities that underlie
convergent extension of the Xenopus neural plate. In explants of deep neural plate with underlying dorsal mesoderm, lateral neural plate
cells show a monopolar, medially directed protrusive activity. In contrast, neural plate explants lacking the underlying dorsal mesoderm
show a bipolar, mediolaterally directed protrusive activity. Here, we report that “midlineless” explants consisting of the deep neural plate
and underlying somitic mesoderm, but lacking a midline, show bipolar, mediolaterally oriented protrusive activity. Adding an ectopic
midline to the lateral edge of these explants restores the monopolar protrusive activity over the entire extent of the midlineless explant.
Monopolarized cells near the ectopic midline orient toward it, whereas those located near the original, removed midline orient toward this
midline. This behavior can be explained by two signals emanating from the midline. We postulate that one signal polarizes neural plate deep
cells and is labile and short-lived and that the second signal orients any polarized cells toward the midline and is persistent.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The subject of this investigation is the regulation of the
cell motility underlying the convergence and extension
movements in the neural tissue of the Xenopus embryo. The
posterior neural tissue, comprising the prospective hind-
brain and spinal cord, undergoes dramatic narrowing (con-
vergence) and lengthening (extension) movements during
gastrulation and neurulation of the amphibian (Burnside and
Jacobson, 1968; Jacobson and Gordon, 1976; Keller and
Danilchik, 1988; Keller et al., 1992; Vogt, 1929). These
movements occur by active, patterned cell movements of
two types, radial intercalation and mediolateral intercalation
(Keller et al., 1992). In the first half of gastrulation, several
layers of deep prospective neural cells intercalate radially to
form a longer, thinner array (radial intercalation; Keller,
1980; Keller et al., 1992), and in the second half of gastru-
lation and through much of neurulation, deep neural cells
intercalate mediolaterally to form a longer, narrower array
(mediolateral intercalation; Keller et al., 1992). The latter
process of mediolateral intercalation thus functions to drive
the convergence and extension movements that push the
head of the embryo away from the future tail region and
elongate the anterior–posterior body axis (Keller and Da-
nilchik, 1988; Keller et al., 1992). These movements ap-
pear, in general form, to be ubiquitous among the verte-
brates that have been examined, including fish (Warga and
Kimmel, 1990), birds (Schoenwolf and Alvarez, 1989), and
mice (Sausedo and Schoenwolf, 1994).
The neural tissue is able to converge and extend by active
mediolateral intercalation of its deep cells by using several
types of cell motility, the type of motility depending on
tissue interactions with mesoderm. If the deep neural tissue
is explanted at the late midgastrula stage (stage 11–11.5), it
converges and extends using a bipolar, mediolaterally ori-
ented protrusive activity (Elul et al., 1997) that is similar but
not identical to that seen in the mesoderm (Shih and Keller,
1992a, b). In deep neural plates explanted at the late mid-
gastrula stage, no notoplate or floor plate is formed, con-
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vergence and extension is relatively weak, and the pattern of
cell intercalation is promiscuous and relatively inefficient in
producing convergent extension (Elul et al., 1997; Elul and
Keller, 2000). In contrast, when explanted with underlying
mesoderm, a midline notoplate develops over the noto-
chord, and the neural plate cells on both sides of the noto-
plate converge and extend by mediolateral cell intercalation,
using a monopolar protrusive activity directed toward the
midline notoplate (Elul and Keller, 2000). Under these con-
ditions, convergent extension is stronger, and cell interca-
lation is conservative and more efficient in producing con-
vergent extension.
A key issue in understanding the mechanism of neural
convergent extension relates to the role of the midline (no-
toplate and notochord) and the somitic mesoderm in pro-
moting the transition from the bipolar, mediolaterally ori-
ented protrusive activity to the monopolar, medially
directed mode. Here, we show that removing the midline
structures of notochord/notoplate results in expression of
the bipolar, mediolaterally oriented protrusive activity in
such a midlineless explant. Apposing an ectopic lateral
notochord/notoplate on one edge of such a midlineless ex-
plant results in the expression of monopolar protrusive ac-
tivity over large areas of the midlineless part of the explant.
These monopolar cells are oriented toward the ectopic lat-
eral midline and toward the ghost midline, the site of re-
moval of the original midline. This response declines pro-
gressively with distance from the added midline and the
ghost midline. These results show that the definitive mo-
nopolar, medially directed protrusive activity of deep neural
plate is controlled by the presence of the midline tissues of
notochord/notoplate.
Materials and methods
Embryos
We obtained, fertilized, and dejellied Xenopus laevis
eggs according to standard techniques (Kay, 1991). Eggs
were cultured in 1/3 strength Modified Barth Solution
(MBS). Embryos were staged by using the Nieuwkoop and
Faber tables (1967). To insure accuracy of staging, we
examined both internal criteria, such as extent of involution,
and external criteria, such as blastopore size.
Preparation of explants
We made three kinds of explants between stage 13 and
14 and cultured them in Danilchik’s For Amy (DFA) me-
dium (Sater et al., 1993) containing antibiotic/antimycotic
(10 L antibiotic/antimycotic per 1 mL of DFA) and bovine
serum (Fraction V, 1 g per L). Our first type of explant, the
deep-neural-over-mesoderm explant, consisted of the deep
neural plate and the underlying mesoderm, as described
previously (Elul and Keller, 2000), with the variation that
the epithelial endoderm was left on the explant (Fig. 1C).
These explants developed as well as or better than those
made without endoderm. To make the second type of ex-
plant, the midlineless explant, the midline tissues of noto-
plate and notochord were removed from deep-neural-over-
mesoderm explant and the two halves pushed together (Fig.
1D). The new “midline” where the two halves meet turns
out to be important and was designated the “ghost midline.”
The third kind of explant, the midlineless-explant-with-ec-
topic-midline has the midline of a second explant apposed to
one of its lateral edges; a small strip of neural plate was
Fig. 1. Explantation technique depicting how explants discussed in this
paper are made. (A) This schematic shows the tissues relevant to our
explants, including the notoplate, the neural plate (NP), the notochord
(Ntc), the somitic mesoderm (S), endodermal epithelium (ee), and the
midline (notoplate, notochord and underlying endodermal epithelium). (B)
This schematic shows the expression of genes relevant to this paper,
including Sonic Hedgehog in the deep notoplate, and N--tubulin in the
deep neural plate. (C) Deep-neural-over-mesoderm explants: We first re-
move and discard the superficial neural tissue (dotted) at stage 13. We then
explant the dorsal 180 degree sector of the embryo and culture it under
coverslip. The dashed lines represent the edges of the notochord, slightly
visible under the deep neural tissue. (D) Midlineless explants start as
deep-neural-over-mesoderm explants, from which we subsequently remove
the notochord, notoplate and underlying endoderm. We then push together
the two lateral sections of deep neural tissue over somitic mesoderm and
allow healing to occur. (E) Midlineless-explants-with-ectopic-midline re-
quire at least two embryos. The first embryo was previously injected with
red dextran at stage 6 1/2 to produce a scatter of red labeled cells (red
scattered cells). The second embryo was either injected with fluorescein
dextran at the one-cell stage and was therefore entirely green fluorescent or
was a transgenic Otx2:GFP embryo with a green fluorescent notochord (as
depicted in this figure). NP, Neural plate; S, Somitic mesoderm; Ntc,
Notochord; ee, Endodermal epithelium; sup, superficial; mdln tiss, midline
tissues; h.k., hair knife. Davidson and Keller, 19991; Lance Davidson,
unpublished observations.2
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Fig. 2. Cell paths and cell protrusive activity in deep-neural-over-mesoderm and midlineless explants. In (A, B), tips of arrows show the position of cells at
the beginning of a time lapse, the arrowhead represents cell location at the end of the time lapse, and the stem depicts the path of the cell. (A) Lateral cells
in deep-neural-over-mesoderm explants translocate medially toward the midline notochord/floor plate, resulting in convergence and extension. (B) Even
though the midline tissues have been removed, lateral neural cells in midlineless explants also move medially toward the midline of the explants, albeit they
do so less aggressively than cells in deep-neural-over-mesoderm explants. Arrows at the edge of the explants move outward. These are probably ectodermal
cells, and can sometimes be seen in deep-neural-over-mesoderm explants, though more rarely than in midlineless explants because they are generally too wide
to encompass ectodermal cells on the computer screen. (C, D) The protrusive activity of lateral neural cells in deep-neural-over-mesoderm and midlineless
explants. (C) Lateral neural cells in deep-neural-over mesoderm explants have lamellopodia pointed toward the midline. Arrows point to protrusions. (D) A
bullet diagram quantifies the protrusions of one cell traced from a control explant; it shows a clear bias in the direction of the midline tissues in the explant.
Scale bar, 0.1 mm. (E, F) The protrusive activity of lateral neural cells in midlineless explants. (E) Frame from a time-lapse sequence, showing motile cells
in midlineless explants. Arrows point to protrusions. (F) A bullet diagram shows the distribution of protrusions over time for one cell analyzed from a
midlineless explant; the cell is aligned along the mediolateral axis of the explant. Scale bar, 0.1 mm.
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generally left on the side of the ectopic midline that would
join the midlineless component to facilitate healing (Fig.
1E). Transgenic embryos expressing GFP in the notochord
were used to guide the addition and removal of midline
tissues. Notochordal removal was documented with staining
with Tor70 (Buckley et al., 1983), a monoclonal antibody
specific for notochord.
In situ hybridization
We followed the protocol of Harland (1991) for whole-
mount RNA in situ hybridization of explants and whole
embryos, with modifications described in Poznanski and
Keller (1997). Embryos were fixed in MEMFA [0.37%
formaldehyde, 10% MEM salts (Kay and Peng, 1991) in 1/3
strength MBS, pH 7.2–7.4]. The probes used were the
notoplate/floor plate marker Sonic Hedgehog (SHH; Ekker
et al., 1995), the neural crest cell marker Xslug (Mayor et
al., 1995), and the neuronal marker N--tubulin (Richter,
1988). To develop the color reaction in the in situ hybrid-
ization, we used the substrate 6-bromo-6-chloro-3-in-
dolylphosphate p-toluidine salt (commonly known as ma-
genta-phos). To document that we had removed all the
notochord from midlineless explants and midlineless-ex-
plants-with-ectopic-midline, we stained many of those spec-
imens for notochordal contamination using the monoclonal
antibody Tor70, as above, and visualized the results with
diaminobenzidine (DAB).
Transgenic embryos
We made a transgenic line of X. laevis in which the
Otx-2 promoter drives expression of green fluorescent pro-
tein (GFP) (Chalfie et al., 1994) in the presumptive head
mesoderm and notochord of embryos from midgastrulation
onward. We used the method of Kroll and Amaya (Amaya
and Kroll, 1999) but reduced the concentration of high
speed interphase extract in the transgenesis reaction (1 l
extract in a 13-l reaction) (Marsh-Armstrong et al., 1999),
and we used 1  MBS rather than MMR during dejellying,
injection, sorting and during the first 1–2 h of culture, after
which we substitute with 1/3 strength MBS. We reared
primary transgenic embryos to adulthood and used their
progeny in this study. Embryos were produced by natural
matings of transgenic frogs, by in vitro fertilization with
macerated testis from transgenic males, or by nuclear trans-
plantation of sperm nuclei from transgenic males.
Time-lapse videomicroscopy under epiillumination and
color imaging
To trace cell movements and convergence and extension
under epiillumination, we placed explants on a coverglass at
the bottom of a chamber illuminated with low-angle light
from a fiberoptic lamp. We imaged the explants with a
Hammamatsu C-2400 CCD (XC-77) camera, and an Olym-
pus Provis AX70 microscope with 10 or 20 objectives.
We recorded and processed frames every 90 s with a Power
Macintosh computer using NIH Image version 1.61 (Wayne
Rasband, National Institute of Health, Bethesda, MD; avail-
able at http://rsb.info.nih.gov/nih-image), and a contrast en-
hancement and recording macro written by Lance Davidson
in this lab. Color imaging of the specimen processed for in
situ hybridization and antibody staining was done by using
a Hammamatsu chilled color 3CCD C5810 camera, an
Table 1
Summary of the polarization state of cells in explants
Type of
explant
% cells that are: % monopolar cells
that orient:
% cells
that are:
N explants/cells
Mono-
polar
Biased Mono/
Biased
Random To
midline
To Ghost
midline
Bipolar
Deep neural over mesoderma 60 20 80 0 100 NA 20 1/5
Deep neural over mesodermb 61 NA 61 2 100 NA 36 8/_
Deep neural alonec NA NA NA NA NA NA 70 7/39
Midlineless (Ghost midline)d 14 5 19 23 NA 29 58 12/43
Midlineless with ectopic midline: (0–3)a* 60 10 70 10 67 0 20 6/10
(4–10)a* 62 15 77 23 50 25 0 6/13
(10)a,d* 56 11 67 33 40 60 0 6/9
Other side of Ghost midline (0–3)a* 70 10 80 0 NA 100 20 6/10
Other side of Ghost Midline (3)a* 82 9 91 0 NA 67 9 6/11
Note. This table summarizes the polarization and orientation of cells in the explants listed in this paper and in deep neural explants without notoplate (Elul
and Keller, 1997; Elul and Keller, 2000) and deep-neural-over-mesoderm (Elul and Keller, 2000). The number of explants made and the number of neural
cells analyzed is listed for all explants. The parentheses give the distance between the cells and the ghost midline or the ectopic midline, depending on the
type of explant.
a Results from this study.
b Results from Elul and Keller, 2000.
c Results from Elul et al., 1997.
d Ten to fifteen (10–15) cells away from the ectopic midline and approximately five cells away from the ghost midline.
* Numbers in parenthesis indicate the distance from the appropriate midline, measured in cell diameters from this midline.
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Olympus SZH10 stereoscope, a Power Macintosh 7600
with a G3 processor, and Photoshop 4.0.
Producing scattered fluorescently labeled cells in explants
and marking the midline in embryos
The protrusive activity of cells in the above explants was
visualized by labeling scattered populations of cells with
either Rhodamine dextran or Alexa 594 dextran (Molecular
Probes, Eugene, OR). Single blastomeres of stage 6 1/2 to
stage 7 embryos were injected with approximately 20 nL of
fluorescent dextran, and the embryos were screened for the
appropriate labeling of scattered populations of cells in the
neural plate at stage 12.5, using an Olympus fluorescent
stereoscope and DF Planapo IX objective. These selected
embryos were used to make the explants. We also needed to
know the distance between these labeled deep neural cells
and the ectopic midline or the ghost midline (site of removal
of the midline tissues).
To mark the ghost midline in our explants, we used two
methods. We injected a one-cell-stage embryo with fluores-
cein dextran and scatter-labeled another with Rhodamine or
Alexa 594 dextran at 3.5–4 h postfertilization. We then
made midlineless explants by obtaining one-half from sol-
idly labeled, fluorescein-labeled embryos and half from
embryos bearing scattered, Rhodamine-, or Alexa 594-la-
beled cells. In the second method, we injected one of the
two blastomeres of two-cell-stage embryos with fluorescein
dextran. Later, at 3.5–4 h postfertilization, we scatter-la-
beled the noninjected side with Alexa dextran under an
Olympus SZX12 fluorescence stereomicroscope, producing
embryos with the left or right side labeled green and the
other side containing a scattered population of red cells.
Screening the embryos at stage 12.5, we picked embryos in
which the green label did not trespass over the midline and
in which the dispersed groups of red cells fell in the oppo-
site half of the neural plate. We could then follow the
behavior of red cells and also determine the distance be-
tween them and the ghost midline by counting the number
of intervening cells between them and the green-labeled
side of the explant. The embryos selected were used to make
the midlineless component of the midlineless-with-ectopic-
midline explants.
To mark the ectopic midline in midlineless-explants-
with-ectopic-midline, we used two methods. The ectopic
midline component was produced by cutting just lateral to
the notochord/notoplate of a deep neural-over-mesoderm
explant. These deep-neural-over-mesoderm explants were
made from embryos previously labeled by injecting 50 nL
of fluorescein dextran (Molecular Probes, Eugene, OR) into
fertilized eggs at the one-cell stage. Alternatively, the ec-
topic midline came from deep neural-over-mesoderm ex-
plants made from embryos transgenic for an Otx2 promoter
driving GFP expression in the notochord. The midline edge
of these explants was then abutted to the lateral edge of
scatter-labeled midlineless explants to yield a marked, lat-
erally positioned midline.
To record the behavior of the scatter-labeled cells, ex-
plants were cultured in DFA in chambers with a coverglass
bottom. Time-lapse imaging was done with an Olympus
IX70 inverted microscope, a Hammamatsu Orca camera, a
Metamorph image processing program (version 4.0; Uni-
versal Imaging, Brandywine, PA), a Dell computer, and a
Fig. 3. Conservative intercalation occurs in midlineless explants. Colored
cells show columns of cells that were traced to the end of the movie to see
which cells intervened between them. Patterned cells are the cells that
intervened between the colored cells. (A) Unbroken columns of cells at the
beginning of a timelapse series. (B) By the end of the time lapse, patterned
cells have intercalated between the colored cells; however, they were very
close neighbors of the colored cells at t  0.
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Sutter 10-2 shutter (Sutter Instruments Co.) and a 20
objective with the 1.5 magnification factor of the Olympus
IX70.
Morphometric parameters measured
Extension index and convergence index
Object Image, a modification of NIH Image by Norbert
Visher (available at http://simon.bio.uva.nl/object-image.
html) and a low magnification objective (4 or 6) were
used. We obtained a normalized index of explant extension
by dividing the difference between the initial anterior pos-
terior length (L0) and the length at a later time (L1) by the
initial length, to generate a normalized extension index, and
then multiplied this number by one hundred to obtain an
extension index [ (L1L0/L0) 100]. The convergence in-
dex [ (w1 w0/w0) 100] was figured in the same fashion
by using the difference between the initial mediolateral
width (w0) and the width at a later time (w1) for each
explant. We averaged these indices for a number of explants
and applied the Mann–Whitney U (Wilcoxon) nonparamet-
ric statistical method to compare the values obtained for
different experimental categories.
Cell path analysis
We made continuous tracings of the paths of cells in
explants by tracking their translocation over 4.5 h in time-
lapse sequences of epiilluminated explants at an intermedi-
ate magnification (20), using transparency film taped to
the computer screen. We represent these cell paths with
arrows, the tip of the arrow denoting the location of the cell
at the end of the sequence.
Protrusive activity
Cell protrusive activity was analyzed from low-light flu-
orescence time-lapse recordings generally for 180 frames
(4.5 h) for individual cells, and in a few cases for only 40
frames (1 h). Evaluation of protrusive activity followed the
method of Elul and Keller (2000) with the modification that
any extension of the cell margin counted as a protrusion.
Briefly, from tracings on transparency film, we counted the
numbers of protrusions a cell extended into each of 12
sectors of 30 degrees around its perimeter. We generated
bullet diagrams for each cell’s protrusive activity with mac-
ros written by Lance Davidson in this laboratory. To deter-
mine whether a cell’s protrusive activity was significantly
different from random, we performed the chi-squared anal-
ysis (Baschelet, 1981; Zar, 1999). We selected this test over
the Raleigh test (Baschelet, 1981; Zar, 1999), because our
Fig. 4. Motility in midlineless-explants-with ectopic-midline. (A, B) A
midlineless-explant-with-ectopic-midline made from an Otx2:GFP trans-
genic embryo converges and extends between t  0 (A) and t  4.5 h (B).
The notochord lights up with GFP driven by the Otx2 promoter, demar-
cating the ectopic midline; the ghost midline is shown as a dotted white
line. Labeled cells (white sprinkle) sandwiched between the ectopic mid-
line and the ghost midline (section “b”) were followed for translocation
(direction of their overall displacement) and protrusive activity. Scale bar
in (A) and (B), 0.5 mm. (C) In midlineless-explants-with-ectopic-midline,
cells in the neural plate of the donor midline (section “a”) converge to that
midline. The two parallel dashed lines represent the edges of the notochord
seen through the deep neural plate. Cells in the midlineless component of
the explant (section “b”) still converge and extend, although their move-
ment is erratic. Cells in section “c” get displaced toward their endogenous
(ghost) midline through intercalation. The two parallel dashed lines repre-
sent the ectopic midline, and the dotted line is the ghost midline, at the
beginning of the time-lapse sequence. The two panels, (1) and (2), come
from two different embryos. (D) Frame from a movie shows protrusive
cells in the section “b” of an explant with an ectopic midline. Arrows point
to protrusions. Scale bar; 0.1 mm.
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cells were on average bimodal or multimodal. Cells that
failed to reject the null hypothesis associated with the chi-
squared test were designated as random. For cells that did
not prove to be bipolar, we computed the mean using both
the standard method (1ai) and the method of the doubling of
the mean and determined if those cells were monopolar.
Cells that have one major peak of protrusive activity are
classified as monopolar. The remaining cells exhibited a
true bias in their protrusive activity but did not fit our
random, bipolar, or monopolar categories. We designated
those as biased. We combine the monopolar and biased
categories when detailing the polarization state of cells. In
the text, we use the word “polarized” to refer to nonrandom
cells, including bipolar, monopolar, and biased cells. A
decision tree found in the Appendix describes this classifi-
cation scheme.
The direction, or orientation, of a cell’s protrusive activ-
ity was described in terms of quadrants. For monopolar
cells, the mean angle was described as either toward a
midline or toward another direction. That is, the mean angle
of protrusive activity could fall within the quadrant facing
the endogenous midline, the ectopic midline, the ghost mid-
line, the lateral part of the explant, or “other” (the anterior
or posterior quadrants). Bipolar cells were described as
either protruding mediolaterally or anterior–posteriorly, de-
pending on whether their doubled mean angle aligned itself
with the mediolateral quadrants of the explant or the ante-
rior–posterior quadrants of the explant.
Results
Patterns of cell movements in deep-neural-over-mesoderm
and midlineless explants
Time-lapse sequences of epiilluminated deep-neural-
over-mesoderm explants made between stages 13 and 14
and recorded to stage 20–21, show that cells intercalate and,
as a result of convergent extension, move posteriorly (Fig.
2A). Fifteen deep-neural-over-mesoderm explants made be-
tween stages 13 and 14 and cultured under coverslip
through stage 20–21 had an overall extension index of 22%
over this 4.5-h period and a convergence index of 28%.
These behaviors are similar to those seen previously in
similar explants lacking the endodermal epithelium (Elul
and Keller, 2000).
Analysis of paths of cell movements in recordings of
epiilluminated midlineless explants showed medial conver-
gence movements and posterior extension movements of
lateral neural plate cells toward the midline of the explant
despite the absence of a the midline structures, notochord,
and notoplate (Fig. 2B). These patterns of movement are
qualitatively similar to those seen in explants with midline
structures (Fig. 2A). The extension index for 11 midlineless
explants averaged 14% and their convergence index 23%
for 4.5 h. Comparing the degree of convergent extension
between individual deep-neural-over-mesoderm explants
and for midlineless explants, we observed a statistically
significant difference in the extension index and conver-
gence index (P  0.05 and P  0.05, respectively). Thus,
the paths of cell movements of convergent extension are
nearly indistinguishable with and without the midline, but
the amount of convergent extension is less in the explants
without the midline structures.
Deep neural plate cells are bipolar in absence of midline
tissues (notochord/notoplate)
Previous work (8 explants, 61% monopolar, 36% bipo-
lar, 2% random; Elul and Keller, 2000), as well as our
control data in this paper (1 explant, 5 cells: 80% monopo-
lar, 20% bipolar; Fig. 2C and D; Table 1) show that the
neural plate cells of deep-neural-over-mesoderm explants
display a monopolar activity. Monopolar protrusive cells
oriented their protrusive end medially (in this work, 100%
in one explant; and Elul and Keller, 2000). In contrast,
scattered labeled cells in the neural plate of midlineless
explants show protrusive activity that is shifted toward the
bipolar mode (n  12 explants, 43 cells: 58% bipolar, 19%
monopolar and biased, 23% random; Fig. 2E and F; Table
1). These bipolar cells aligned with the mediolateral axis in
91% of cases.
The pattern of intercalation in midlineless explants is
conservative
Previous work showed that the pattern of cell intercala-
tion in deep neural explants without underlying mesoderm
is promiscuous. The cells mix relatively more than is re-
quired for a given amount of convergent extension and they
move long distances medially and laterally rather than in-
tercalating with immediate medial and lateral neighbors. In
contrast, deep neural cells with underlying mesoderm inter-
calate conservatively, mixing only with immediate neigh-
bors (Elul and Keller, 2000). Tracings of columns of cells
during convergent extension of midlineless explants with
underlying somitic mesoderm show the conservative pattern
of cell intercalation, the cells mixing only with their imme-
diate neighbors during convergent extension (Fig. 3A and
B). Because the midlineless explant has underlying somitic
mesoderm but no midline tissues, these results suggest that
promiscuous intercalation is not an inherent property of the
bipolar or monopolar modes of cell intercalation. Instead, it
is a function of whether or not the deep neural tissue has
contact with underlying mesoderm, in this case, somitic
mesoderm. However, presence of underlying somitic meso-
derm is not sufficient to maintain monopolar, medially di-
rected protrusive activity.
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Fig. 5. Polarization and orientation of cells in midlineless-explants-with-ectopic-midline. The schematic at the top summarizes the state of polarization of cells
in this style of explant. All cells become monopolar and oriented to whichever midline is closest to them, except for cells that are equidistant from the ghost
and the ectopic midline, which instead point toward more random directions. Below the schematic of the explant, the two graphs categorize cells by distance
from the ectopic or the ghost midline along the x-axis (0–3, 4–10, and over 10 cells away from the ectopic midline; 0–3 and over 3 cells away from the
ghost midline). The top graph shows the percentage of cells in particular polarization states (monopolar and biased combined, bipolar, and random), and the
bottom graph shows the percentage of monopolar cells that point in particular orientation.
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Midlineless-explants-with-ectopic-midline converge and
extend
To test the hypothesis that the midline tissues induce
monopolar, medially directed protrusive activity, we added
an ectopic midline to the lateral aspect of midlineless ex-
plants (Fig. 1E). Midlineless-explants-with-ectopic-midline
undergo convergence and extension. The convergence in-
dex over a 4.5-h period averages 16.5% and the extension
index 12% (n 22 explants; Fig. 4A and B). These explants
converge and extend significantly less than deep-neural-
over-mesoderm explants (P  0.05 and P  0.05, respec-
tively).
Cell paths in ectopic portion (region a, Fig. 4C) and those
in the region on the far side of the ghost midline of the
midlineless portion (region c, of Fig. 4C) of midlineless-
explants-with-ectopic-midline show translocation move-
ments are similar to those in control and midlineless ex-
plants. The neural cells in the ectopic midline portion
(region a, Fig. 4C) converge toward the notochord and those
on the far side of the ghost midline (region c, Fig. 4C)
converge toward the ghost midline. Cells in the midlineless
component, sandwiched between the ectopic midline and
the ghost midline (region b, Fig. 4C), exhibit variable be-
haviors, sometimes moving toward the endogenous ghost
midline, sometimes toward the ectopic midline, and some-
Fig. 6. Patterning of deep-neural-over-mesoderm explants, midlineless explants and midlineless-explants-with-ectopic-midline. Deep-neural-over-mesoderm
explants maintain a very close to normal mediolateral pattern of gene expression as seen through Sonic Hedgehog, N--tubulin, and Xslug (A–C). Midlineless
explants have no remaining midline, as shown by the absence of SHH expression (D). They express N--tubulin, but the pattern of expression of that gene
is often disturbed (E), while Xslug is strongly expressed, though variable in breadth (F). Midlineless-explants-with-ectopic-midline have no SHH stripe in
the midlineless portion, but it is present in the portion of the ectopic midline as expected (G). In addition, they express N--tubulin and Xslug in both the
midline-free and the midline-containing parts of the explants (H, I). Pointers indicate the ectopic midline; all explants were fixed for in situ when whole
embryos used as control reached stage 21 to 23.
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times toward neither. Our interpretation of these variable
paths of displacement is that the variable orientation of the
polarized cells in the center of this region, discussed in the
next paragraph, results in these confused patterns of cell
displacement. Such behavior is not expected to yield active
convergent extension, and we interpret the extension of this
region to be passive, driven by its attachment to the actively
extending regions on both sides, which do display midline-
oriented protrusive activity. The resistance of the passively
extending central region may be one reason why extension
is less than in normal deep-neural-over-mesoderm explants.
In midlineless-explants-with-an-ectopic-midline, most cells
are monopolar or biased, and they are oriented toward
both ectopic and ghost midlines
Most cells in midlineless explants with a laterally located
ectopic midline become monopolar, when they would have
otherwise been bipolar, but the direction toward which they
protrude varies with their distance from the ectopic and the
ghost midlines (5 explants, 33 cells; Figs. 4D and 5). Sev-
enty percent of cells within 3 cell diameters from the ectopic
midline were monopolar or biased, and 67% of these cells
had mean angles of protrusive activity directed towards the
ectopic midline (Table 1; Fig. 5). Seventy-seven percent of
the cells 4–10 cells away from the ectopic midline were
monopolar or biased, and of these, 50% were oriented
toward the ectopic midline and 25% toward the ghost mid-
line (Table 1; Fig. 5). Lastly, 67% of cells 10 or more tiers
away from the ectopic midline were monopolar or biased,
and of these, 60% pointed to the ghost midline and 40%
toward the ectopic midline (Table 1; Fig. 5). Analysis of the
protrusive activity of cells on the other side of the ghost
midline (region c, Fig. 4; 6 explants, 21 cells) shows that, of
the cells within 0–3 cells of the ghost midline, 80% were
monopolar or biased, and all of these were oriented toward
the ghost midline (Table 1; Fig. 5). Of the cells greater than
3 cells from the ghost midline, 91% expressed monopolar or
biased behavior, and 67% of these were oriented toward the
ghost midline (Table 1; Fig. 5). From these results, we
conclude that the ectopic midline monopolarizes or biases
the protrusive activity of neural cells within the midlineless
neural plate, and that it exerts this influence over a long
distance through the tissue. However, the orientation of this
monopolar or biased protrusive is determined by the prox-
imity of the cells to both the ectopic and the ghost midline.
Patterning of deep-neural-over-mesoderm explants,
midlineless explants, and midlineless-explants-with-
ectopic-midline
We monitored expression of several genes indicative of
neural patterning with whole-mount RNA in situ hybridiza-
tion to verify that the ectopic midlines were where we
expected them, that removed midlines had been completely
removed, and that these manipulations resulted in the ex-
pected effects on patterning. The deep-neural-over-meso-
derm explants maintain approximately the normal pattern-
ing of gene expression in the deep neural plate. They
express SHH in the floor plate (Fig. 6A) and the typical
striped pattern of neural-specific N--tubulin, although the
third stripe does not appear as a distinct unit in most cases
(Fig. 6B). Xslug marks prospective neural crest cells and
appears at the edge of the neural plate; in some explants, one
stripe is absent or slimmer than the other, probably because
the explant has been cut too narrow, thereby removing a
portion of the Xslug-expressing region (Fig. 6C). As ex-
pected, midlineless explants do not express the midline-
specific SHH, documenting the successful removal of the
notochord and floor plate (Fig. 6D). In a few cases, how-
ever, we observed SHH expression very far posteriorly, and
sometimes very far anteriorly (data not shown) in a small
clump of cells. However, this was not thought to affect our
analysis, because we never followed the behavior of cells in
those locations. As expected from the role of the midline in
patterning neural tissue (Tanabe and Jessell, 1996), only a
few cells expressed N--tubulin in midlineless explants, and
the normal, organized striped pattern of its expression was
not observed (Fig. 6E). The lateral expression of Xslug was
the least disturbed in these midlineless explants, although
the pattern was variable, sometimes broader or narrower
than normal (Fig. 6F). Also as expected, SHH was not
expressed in midlineless region of the midlineless-explants-
with-ectopic-midline, but was expressed in the ectopic mid-
line (pointer, Fig. 6G). These explants express N--tubulin
in both midlineless and ectopic midline components of these
explants, but the number and distinctness of the stripes is
variable and abnormal (Fig. 6H), again as we would expect,
due to abnormal signaling resulting from absent and ectopic
midlines. Likewise, Xslug is expressed variably in the mid-
lineless and ectopic midline parts of the explant (Fig. 6I).
These results show that the midline is not present in the
regions where we removed it, and is present in the region
where we added an ectopic midline. These results confirm
the correlation of the absence of the midline with the bipo-
larity, and presence of the midline with the monopolar or
biased polarity, and its orientation toward ectopic midlines.
Discussion
The midline tissues of notochord and notoplate control
the monopolar medially directed protrusive activity
A major goal of this work is to determine the tissue
interactions that control the protrusive activity of the deep
neural plate cells. When explanted alone, the deep neural
plate converges and extends weakly, using a bipolar, me-
diolaterally oriented protrusive activity and a promiscuous,
inefficient pattern of cell intercalation. In contrast, when
explanted with its underlying mesoderm, neural tissues con-
verge and extend strongly using a monopolar, medially
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directed protrusive activity and a conservative, efficient
pattern of cell intercalation (Elul and Keller, 2000; this
work). The monopolar, medially directed protrusive activity
could be due to the presence of a polarizing influence from
the midline structures of notoplate, the underlying noto-
chord, both, or from the underlying somitic mesoderm.
Here, we show that when the notochord and notoplate are
removed but the somitic mesoderm remains in midlineless
explants, the monopolar, medially oriented protrusive activ-
ity is lost and the bipolar and mediolaterally oriented mode
is expressed. These results suggest that it is the midline
structures of notochord and notoplate that induce the mo-
nopolar, medially directed protrusive activity. Further sup-
port for this notion comes from the fact that abutting ectopic
midline tissues to the lateral aspect of a midlineless explant
induces polarized protrusive activity that is directed toward
the ectopic midline tissues.
The response of deep cells to the ectopic midline and the
ghost midline suggests a two-signal mechanism of
organizing cell behavior during neural convergent
extension
The results above expose the paradox that both the mid-
line tissues and the ghost midline—the site of a former
endogenous midline—can orient the polarized cells in their
direction, toward the midline tissues or their former site,
respectively. However, the ghost midline cannot monopo-
larize the bipolar cells in midlineless explants, but it can
orient cells that are monopolarized by the presence of ec-
topic midline tissues (Fig. 7). In midlineless explants that
have an ectopic lateral midline, cells equidistant from the
ghost and ectopic midlines are monopolarized but randomly
oriented. This, along with the fact that cells can be monopo-
larized only by the ectopic midline but can oriented by
either the ectopic or the ghost midline, suggests that mo-
nopolarization and orienting monopolarized cells are two
different processes.
These facts suggest that the midline generates two dis-
tinct and separate signals involved in organizing deep neural
cell behavior. First, the midline tissues generate a diffusible
or cellularly transmitted (relayed) signal that polarizes the
cells; in other words, this signal biases the protrusive activ-
ity of a cell to be on one side of its perimeter (Fig. 7). This
monopolarizing signal is labile, waning away if the midline
tissues are removed in late gastrula/early neurula stage.
However, it works over a long range and can polarize cells
across a large explant, as shown by the response of the cells
of the midlineless explant to a lateral ectopic midline. The
second signal coming from the midline tissues orients pre-
viously polarized cells to point toward the midline tissues
(Fig. 7). This orienting signal persists, continuing to func-
tion even after excision of the midline tissues; thus, we
suggest that it is associated with a stabilizing extracellular
matrix or it represents a persistent cell state that is induced
over large distance on both sides of midline tissues. More-
over, only monopolarized cells are responsive to this ori-
enting signal; the bipolar cells that drive convergent exten-
sion in absence of the midline tissues cannot respond to it.
Addition of a far lateral ectopic midline, however, converts
bipolar cells to the monopolar mode, allowing them to
respond to the residual orienting signal on both sides of the
ghost midline. In all, the midline has two distinct and
separate functions in polarizing neural cells: first, it mo-
nopolarizes otherwise bipolar cells, through a long ranging
but transient signal, and next, it orients these cells to point
to a particular direction, through a long-lived and long-
range signal.
This two-signal model does not rule out the possibility
that a single signal may both orient and monopolarize neural
cells. However, a one-signal model presents caveats that we
have not been able to fully reconcile with our results. For
example, if polarization and orientation are one in the same,
and reflect response to a single signal, it is more difficult to
account for cells that are monopolar in protrusive activity
but are nevertheless randomly oriented. And it is even more
difficulty to account for cells that are monopolarized by a
distant ectopic midline but yet point toward a nearby ghost
midline. Although the two-signal model is formally more
complicated than a single signal model, it simpler in appli-
cation because it explains our results better than any single
signal model we have been able to devise.
The somitic mesoderm promotes conservative cell
intercalation despite a bipolar cell behavior
Mediolateral cell intercalation can be conservative or
promiscuous in regard to the amount of cell mixing that
occurs in relation to the convergence and extension pro-
duced. Promiscuous intercalation occurs in the deep neural
explant without notoplate using the bipolar mode of cell
intercalation (Elul et al., 1997; Elul and Keller, 2000).
These bipolar cells tend to be unbalanced in their medial
and lateral protrusive activity, and as a result, individual
cells tend to make long excursions laterally or medially,
depending on whether the medial or lateral protrusion dom-
inates at a given time, and they exchange places without
producing much convergence and extension. The result is a
large amount of mediolateral mixing of cells for a relatively
small amount of convergence and extension. This is not true
of the bipolar behavior of the mesodermal cells, which
appear to have a more balanced medial and lateral traction
(see Keller et al., 2000). In contrast, the monopolar mode of
cell intercalation that occurs in deep neural cells in explants
with underlying mesoderm and midline notochord/notoplate
produces a conservative pattern of intercalation that is effi-
cient in producing convergence and extension (Elul and
Keller, 2000). The conservative pattern of mediolateral in-
tercalation occurs in whole the embryo (Edlund, un-
published data). Here, we find that deep neural cells also
intercalate conservatively using the bipolar mode of cell
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intercalation in midlineless explants that lack midline noto-
chord and notoplate but have underlying somitic mesoderm.
This suggests that promiscuous intercalation is not an in-
herent property of the bipolar mode as it is expressed in the
neural tissue. We hypothesize that somitic mesoderm stabi-
lizes the bipolar mode of intercalation, making it conserva-
tive and thus more efficient in producing convergent exten-
sion. It may do so by influencing the structure the
fibronectin matrix at the basal surfaces of the neural deep
cells. Cell interaction with this matrix is important in normal
neural development (Lallier et al., 1996). The somitic me-
soderm may also have direct mechanical effects on neural
cell intercalation by virtue of the fact that it converges and
extends coordinately with the overlying neural tissue.
Possible function and mechanism of the monopolar
behavior and its relation to the bipolar behavior
Reversion of the monopolar, medially directed protrusive
activity to the bipolar mode upon removal of the midline
tissues highlights the redundancy in the mechanisms that
can result in neural convergence and extension. It is likely
that the bipolar mode is used for only a short time in vivo.
It may occur from stage 10.5, when neural convergence first
begins (Keller and Danilchik, 1988; Keller et al., 1992),
until stage 11.5 or 12, when the early notoplate shows
specialized cell behavior and the monopolar mode of cell
intercalation begins (Elul and Keller, 2000). It is also pos-
sible that it is never used at all. If so, why does it emerge in
explants in which the midline tissues are not allowed to
develop or are removed? One possibility is that bipolarity is
retained as a mechanism, although normally not used, be-
cause the monopolar mode depends on the cell state repre-
sented by the bipolar mode. Morphogenic mechanisms are
often viewed as monolithic, stand-alone units, tailored by
evolution to a minimal, efficient, and final form. It is more
reasonable, however, that most morphogenic processes rep-
resent historical composites of several or perhaps many
mechanisms, which have been successively modified, and
the current mode depends on earlier ones. When the tissue
interactions and signaling regime is changed experimen-
tally, as we have done here, these underlying machines
appear.
New questions
Our work raises a number of questions. We know that the
notochord/notoplate can induce monopolar behavior in the
neural deep cells in the presence of somitic mesoderm, but
we do not know if somitic mesoderm is essential for this
process. The somitic mesoderm may be required for the
neural plate cells to respond to a monopolarizing signal or
an orienting signal from the notochord/notoplate. We also
do not know whether the notochord, the notoplate, or both
produce the polarizing signal or signals. We do not know
whether the signal or signals diffuse from the midline tis-
sues, or if the signal is relayed from cell to cell. Finally, the
two-signal model should be tested with further experiments,
Fig. 7. The two-signal model for the mechanism through which the midline might polarize and orient neural cells. A persistent signal from the midline orients
neural cells (red curves) and a distinct, short-lived signal monopolarizes them (black arrows). The monopolarizing signal passes unabated through the length
of the explant, and neural cells respond by becoming monopolar protrusive. These monopolar protrusive cells direct their protrusions to the strongest source
of orienting signal. This may be the ghost midline or the ectopic midline, and under normal circumstances, it is the endogenous midline. Cells that are
equidistant between the ghost and the ectopic midline in midlineless-explants-with-ectopic-midline cannot clearly make out the direction of the orienting
signal, and as a result, they protrude monopolarly but in random directions. The direction of monopolar cells in response to the orienting signal is shown
with yellow arrows. Hypothetically, a high level of orienting factors is found near the ectopic midline, and the levels taper off with increasing distance from
the midline, due to the effects of diffusion. Closest to the ghost midline, the leftover signal from the extracted midline still orients cells medially.
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first to determine whether there are two signals, and then to
determine their molecular identity, their mode of transmis-
sion and mechanism of signaling, and finally the basis of
their postulated differences in persistence.
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